Structure of NPYFH.
Aldrich. All were used as received. Lanthanum chloride and the nitrate and chloride salts of other cations used (all from Merck and Aldrich) were of the highest purity available and were used without any further purification except for vacuum drying over P2O5. Triply distilled deionized water was used throughout.
Synthesis of NPYFH
The procedure for the preparation of N′-(1-pyridin-2-ylmethylene)-2-furohydrazide: A mixture of furan-2-carboxylic acid hydrazide (0.01 mol, 1.26 g), pyridine-2-carbaldehyde (0.01 mol, 1.07 g) and catalytic amount of acetic acid was refluxed for 5 h in absolute ethanol (20 ml) . Then the solvent was evaporated to 5 ml, cooled to room temperature, and the colorless crystals of the product were filtered, washed with ethanol, and dried under reduced pressure: m.p. 80 -85˚C, 1 
Electrode preparation
The general procedure to prepare the PVC membrane was to mix thoroughly 30 mg of powdered PVC, 62 mg of NB and 3 mg of NaTPB in 5 ml THF. To this solution was added 5 mg of NPYFH and the combination was mixed well. The resulting mixture was transferred into a glass dish of 2 cm diameter. A Pyrex tube (5 mm o.d.) was dipped into the mixture for about 5 s so that a nontransparent membrane (about 0.3 mm thickness) is formed. The tube was then pulled out from the mixture and kept at room temperature for at least 12 h. The tube was then filled with internal filling solution (1.0 × 10 -3 M LaCl3). The electrode was finally conditioned for 24 h by soaking in a 1.0 × 10 -2 M LaCl3. [9] [10] [11] [12] 22, 23 A silver/silver chloride electrode was used as an internal reference electrode. For a comparative study, a membrane containing no active component was also prepared. The ratio of different membrane ingredients, concentration of equilibrating solution and the time of contact were optimized to provide membranes that have reproducible, noiseless and stable potentials.
Emf measurements
All emf measurements were carried out with the following assembly: Ag-AgCl/internal solution (1.0 × 10 -3 M LaCl3)/PVC membrane/test solution/Hg-Hg2Cl2, KCl (satd.). A Coming ion analyzer 250 pH/mV meter was used for potential measurements at 25.0˚C.
Procedure of conductance study
Conductivity measurements were carried out with a Metrohm 660 conductivity meter. A dip-type conductivity cell made of platinum black with a cell constant of 0.83 cm -1 was used. In all measurements, the cell was thermostated at the desired temperature of 25.0˚C, using a Phywe immersion thermostat. In typical experiments, 25 ml of a cation's nitrate solution (1.0 × 10 -4 M) were placed in water-jacketed cell equipped with a magnetic stirrer and connected to the thermostat that was circulating water at the desired temperature. In order to keep the electrolyte concentration constant during the titration, we assured that both the starting solution and the titrant had the same cation concentration. Then, a known amount of the NPYFH (1.0 × 10 -2 M) solution was added in a stepwise manner using a calibrated micropipette. The conductance of the solution was measured after each addition. Addition of the NPYFH was continued until the desired NPYFH-to-cation mole ratio was achieved. The 1:1 binding of the cations with NPYFH can be expressed by the following equilibrium:
The corresponding equilibrium constant, Kf, is given by
Here
and f represent the equilibrium molar concentration of complexes, free cation, free NPYFH and the activity coefficient of the species indicated, respectively. Under the dilute conditions we used, the activity coefficient of the unchanged ligand f(L) can be reasonably assumed to be unity. 24 The use of Debye-Hückel limiting law of 1:1 electrolytes 25 leads to the conclusion that f(M n+ ) ≈ f(ML n+ ), so the activity coefficient in Eq. (2) is canceled out, and therefore the complex formation constant in term of the molar conductance can be expressed as:
where
Here ΛM is the molar conductance of the cation before addition of NPYFH, ΛML is the molar conductance of the complexes, Λobs the molar conductance of the solution during titration, CL the analytical concentration of the NPYFH added, and CM the analytical concentration of the cation salt. The complex formation constant, Kf, and the molar conductance of complex, ΛML, were obtained by computer fitting of Eqs. (3) and (4) to the molar conductance-mole ratio data using a nonlinear leastsquares program KINFIT. 27
Kf ?
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Results and Discussion
Theoretical studies Many experimental and theoretical investigations have been carried out to understand better the fundamental interaction between metal ions and neutral molecules and their relationship to molecular recognition. Computational models capable of reliably predicting ligand selectivity in a variety of cations have been shown to be valuable tools for practical works. [28] [29] [30] [31] In order to have a clear picture about the selectivity of NPYFH for various metal ions, in this work, we investigated its binding to Li + , K + , Ba 2+ , Cs + , Pb 2+ , Rb + , Sr 2+ and La 3+ ions by using the ab initio theoretical calculations. The influence of the nature, size and charge of metal ions on the complexation reaction with the neutral ligand is explained on the basis of the calculation of gasphase binding energies.
The molecular structures of the uncomplexed ligand and its complexes with La 3+ , and other metal ions were optimized using the lanl2mb basis set for all atoms at restricted Hartree Fock (RHF) level. No molecular symmetry constraint was applied. Rather, full optimization of all bond lengths, angles and torsion angles was carried out using the Gaussian 98 program. 32 The binding energy (ΔE) was calculated with the enlarged basis sets using Eq. (5):
Here, Ecomplex, Eligand and Ecation are the total energies of the complex, uncomplexed ligand and metal ion, respectively. Optimization of the uncomplexed ligand was also carried out with the semi-empirical PM3 method using Hyper Chem software (Version 6.01). No adequate parameterization of the metal ions was available in PM3, so that semi-empirical calculations could not be carried out on the complexes. The optimized structures of uncomplexed NPYFH and its La 3+ complexes are shown in Fig. 2 and some of their selected geometric parameters are summarized in Table 2 . From Fig. 2b , one can see that in the complexed form, the thiophene groups are not coplanar. The optimized free planer ligand structure revealed that the two =N groups and the O-group are far enough from each other to minimize the possible intermolecular repulsive forces.
Thus all three donating atoms of the ligand molecule will be in suitable proximity to the central metal ion for proper binding interactions. Of course, the contributions of a change in solvation-desolvation energies of the metal ions, in both aqueous and membrane phases, to the stability order of the different metal ion complexes with ligands can not be ignored. The obtained results revealed that, among the different alkaline and alkaline earth ions, La 3+ causes the energy changes for the ligand.
Complexation of NPYFH with some common metal ions in acetonitrile
In primary experiments, interaction of NPYFH (with three nitrogen donor atoms) with a number of metal ions was investigated in acetonitrile solution by conductometric method. The results showed that, in all cases, the ligand to cation mole ratio is 1. The formation constants (Kf) of the resulting 1:1 complexes were evaluated by the computer fitting of the molar conductance-mole ratio data to appropriate equations, and the results are summarized in Table 3 . The obtained formation constants revealed that NPYFH could be used as an excellent ion carrier for preparation of a selective La(III) membrane sensor.
Potential response of the sensor based on NPYFH
In next experiment, NPYFH was used as a neutral ion carrier 945 ANALYTICAL SCIENCES JULY 2006, VOL. 22 to prepare a number of membrane sensors for common metal ions. The potential responses of these sensor were measured, and the results are shown in Figs. 3a and 3b. As can be seen, the membrane based on NPYFH displays a Nernstian response to the concentration of La(III) ions in a wide concentration range.
Effect of membrane composition
Since the sensitivity and selectivity obtained for a given ionophore depend significantly on the membrane ingredients, additive used and the nature of solvent mediator. [8] [9] [10] [11] [12] [13] [14] 33, 34 We investigated the influences of membrane compositions on the potential responses of the La(III) sensor. The results are summarized in Table 4 increasing the amount of ionophore up to a value of 5%, in the presence of 3% NaTPB and 62% of polar solvent (NB), results in the best sensitivity.
It is well known that the presence of lipophilic anions in cation-selective membranes based on a neutral carrier not only diminishes the ohmic resistance and enhances the response behavior and selectivity but also, in cases where the extraction capability is poor, increases the sensitivity of the membrane electrodes. 34, 35 However, the membranes with the composition of 30% PVC, 5% NPYFH, 3% NaTPB, and 62% NB show a Nernstian potential response.
Dynamic response time
Dynamic response time is an important factor for any ionselective electrode. In this study, the practical response time of the proposed sensor was recorded by changing the La(III) concentration in a series of solutions (1.0 × 10 -1 -1.0 × 10 -6 M); the results are shown in Fig. 4 . As can be seen from Fig. 4 , in the whole concentration range the plasticized membrane sensor reaches its equilibrium responses in a very fast time (<10 s).
Calibration curves and statistical data
The potential response of the proposed sensor based on NPYFH (composition No. 3) at varying concentrations of lanthanum ions shows a linear response to the concentration of lanthanum ions in the range 1.0 × 10 -6 -1.0 × 10 -1 M (Fig. 5) . The slope of the calibration graph was 19.2 ± 10. determined from the intersection of the 2 extrapolated segments of the calibration graph, is 7.0 × 10 -7 M (for ∼105 ng/ml). The standard deviation of eight replicate measurements is ±0.5 mV. The proposed PVC-based membrane sensor could be used for at least 9 weeks (using 1 h per day, and then washed and dried). After this time, the slope of the electrode reduces (from 19.2 to 17.8 mV per decade).
Effect of pH
The potential response of the electrode was considered in the pH range of 1.5 -12.5 (the pH was adjusted by using concentrated NaOH or HCl) and the results are depicted in Fig.  6 . As seen, the potential response of the sensor remains constant in the pH range of 3.5 -10.0. At lower pH than 3.5, an increasing in potential was observed. This is due to the response of the membrane to hydronium ion (protonation of nitrogen atoms in acidic media). At higher pH values than 10.0, a decreasing in potential due to the formation of insoluble of lanthanum hydroxide was observed.
Selectivity of the sensor
The influence of interfering ions on the response behavior of any ion-selective sensor is usually described in terms of selectivity coefficients, Ksel. In this work, we determined selectivity coefficients by the matched potential method (MPM). 36, 37 The experimental conditions employed and the resulting values are summarized in Table 5 .
As it is immediately obvious, for all diverse ions used, the selectivity coefficients of the electrode are in the order of 4.2 × 10 -3 or smaller, indicating they would not significantly disturb the functioning of the La(III) selective membrane sensor. It is also worth noticing that the response of the La(III) sensor was found to be insensitive to the nature of the anions used. Table 6 compares the selectivity coefficients of the La(III) sensor with those of the best previously La(III) electrodes reported in the literature by other researchers. [9] [10] [11] [12] [13] [14] As is obvious, the selectivity coefficients of the electrode for all cations, that were tested are better than the best values previously reported for lanthanum sensors.
Analytical application
The proposed La(III) sensor was found to work well under laboratory conditions. It was successfully used as an indicator electrode in titration of a 1.0 × 10 -4 M of La(III) with a standard EDTA solution (1.0 × 10 -2 M). The resulting titration curve is shown in Fig. 7 . As it is seen, the amount of La(III) ions in solution can be determined with the sensor. 947 ANALYTICAL SCIENCES JULY 2006, VOL. 22 Fig. 6 The effect of the pH of the test solution on the potential response of the lanthanum sensor. 
